ABSTRACT: Seagrass beds alter their hydrodynamic environment by inducing drag on the flow, thereby attenuating wave energy and near-bottom currents. This alters the turbulent structure and shear stresses within and around the seagrass bed that are responsible for the suspension and deposition of sediment. To quantify these interactions, velocity, pressure, and sediment measurements were obtained across a density gradient of an eelgrass Zostera marina bed within a shallow coastal bay (1 to 2 m depth). Eelgrass beds were found to reduce near-bottom mean velocities by 70 to 90%, while wave heights were reduced 45 to 70% compared to an adjacent unvegetated region. Wave orbital velocities within the eelgrass bed were reduced by 20% compared to flow above the bed, primarily acting as a low-pass filter by removing high-frequency wave motion. However, relatively little reduction in wave energy occurred at lower wave frequencies, suggesting that longer period waves were able to effectively penetrate the seagrass meadow. . Within the eelgrass bed, τ b = 0.03 ± 0.02 N m -2 and stresses were below the critical stress threshold during 80% of the time period of measurement. Expansion of eelgrass within the coastal bay has thus altered the dynamics of the seafloor from an erosional environment to one that promotes deposition of suspended sediment, enhancing light penetration throughout the water column and creating a positive feedback for eelgrass growth.
INTRODUCTION
Seagrass ecosystems have been viewed as depositional environments for sediment because the structure of the meadow serves to reduce flow and attenuate bottom shear stresses (Ward et al. 1984 , Koch et al. 2006 , Gruber & Kemp 2010 . Studies of direct particle trapping by seagrasses and seagrass epiphytes confirm that seagrass meadows buffer against sediment resuspension and increase sediment retention, therefore reducing erosion in the coastal zone , Agawin & Duarte 2002 . When fluid flow encounters individual seagrass blades or a seagrass bed, drag is imparted on the flow and a velocity gradient develops, creating a boundary layer (Denny 1988) . Momentum loss due to drag by the canopy leads to the reduction in resuspension; however, reduced resuspension and increased sediment accumulation may not occur at the same rate everywhere within the meadow, and are dependent upon local flow dynamics and sediment supply from within and outside the meadow (Chen et al. 2007 ). Whether bulk flow is able to move through the seagrass canopy or is diverted above or around it is dependent on shoot density and bed spatial heterogeneity (Fonseca & Koehl 2006 , Nepf et al. 2007 ). Reduction in velocities within seagrass beds is often accompanied by skimming flow, which increases velocities above the sea-grass canopy relative to ambient flow conditions (Fonseca et al. 1982) . This creates an inflection point of instability in the velocity profile, and shear layers are developed near the top of the canopy (Widdows et al. 2008 , Bouma et al. 2009 ), which can locally enhance turbulent mixing into the canopy (Nepf & Vivoni 2000) . Canopy friction exhibits a strong positive relationship to the percent of the water column occupied by the seagrass (Fonseca & Fisher 1986) , and greater flow reductions are found inside canopies with increasing shoot density (Peterson et al. 2004) . However, the impact of seagrass on withincanopy turbulence is less clear, and suggests that mixing rates and turbulent kinetic energy (TKE) are highly dependent upon seagrass density and morphology (Worcester 1995 , Granata et al. 2001 , Widdows et al. 2008 .
Within shallow-water environments where seagrasses are abundant, local flow dynamics can be drastically altered depending on whether currents are dominated by tides, wind-generated waves, storm surge, or a combination of these factors (Fonseca & Cahalan 1992 , Koch & Gust 1999 , Koch et al. 2006 . The increase in oscillatory flows caused by waves has been linked to enhanced turbidity (Granata et al. 2001) . The nonlinear interaction between waves and currents leads to changes in the hydrodynamics and shear stresses imposed on the seafloor from those expected under either condition independently (Jing & Ridd 1996) . Typically when waves are present in unvegetated seafloor regions, an oscillatory wave boundary layer develops that is more strongly sheared than the boundary layer formed under steady conditions alone (Grant & Madsen 1979) . This wave boundary layer results in greater drag on the mean flow and increased bottom shear stresses. Sediment resuspension has been found to be predominately controlled by waves in shallow coastal bays, occurring periodically and corresponding to high wind events (Lawson et al. 2007) , suggesting sediment suspension is episodic in nature. Many studies have described how seagrasses attenuate waves (Fonseca & Cahalan 1992 , Koch & Gust 1999 , Bradley & Houser 2009 ); however, how this attenuation impacts bottom shear stresses and within-canopy turbulence, which are ultimately responsible for the suspension of sediments from the seafloor, is largely unknown.
Most studies that have addressed the impacts of seagrass density and morphology on flow and sediment dynamics have been based on laboratory flume experiments or numerical modeling (Heller 1987 , Chen et al. 2007 , Bouma et al. 2009 , Carr et al. 2010 ).
These studies have determined that the thickness of the shear layer at the top of the canopy is directly related to the vegetation density; as density is increased under a constant velocity, the exchange is reduced, as is the penetration depth of the mixed layer into the canopy (Ghisalberti & Nepf 2002) . For waves that are typically generated in fetch-limited shallow coastal bays, wave energy decreases with depth, and the magnitude of wave energy that reaches the seafloor depends heavily on the wave period, wave height, and overall water depth (de Boer 2007) . According to modeling efforts, wave energy attenuation increases with increasing shoot density (Chen et al. 2007 ), but the degree of flow reduction by the canopy can also be a function of distance from the edge of the canopy and the mean depth at which the seagrass resides below the surface (Fonseca & Fisher 1986 , Verduin & Backhaus 2000 . However, the lack of field studies on these interactions makes it difficult to understand the role of seagrass structure on near-bottom turbulence, bottom shear, and sediment dynamics (de Boer 2007) . Consequently, it is important to explore the dynamic interactions between seagrass meadows and fluid motion on multiple spatial and temporal scales.
Within the coastal bays of Virginia, USA, the oncedominant seagrass species Zostera marina (eelgrass) virtually disappeared during the 1930s due to a pandemic infestation of a parasitic fungus, called wasting disease, combined with a destructive hurricane (Short et al. 1987 , Orth et al. 2006 . The discovery of several small, natural patches of eelgrass in the mid-1990s suggested that certain locations within the coastal bays were adequate for plant growth (Orth et al. 2006) . Survival and expansion of these plots initiated an intensive, large-scale eelgrass seeding program to re-establish the Virginia coastal bays (Fig. 1) as a self-sustaining seagrass ecosystem (Orth et al. 2012, this Theme Section) . The shallow depths of Virginia coastal bays, typically < 2 m depth, make the bottom sediments susceptible to current-and waveinduced sediment suspension. These coastal bays also lack any significant riverine discharge, and therefore turbidity is primarily controlled by local resuspension (Lawson et al. 2007 ). In addition, low pelagic primary productivity in the coastal bays suggests that light attenuation is primarily controlled by non-algal particulate matter (Sand-Jensen & Borum 1991 , McGlathery et al. 2001 . High suspended sediment concentrations (SSC) can attenuate light penetration through the water column that can limit benthic primary production (Zimmerman et al. 1995) . As a result, subsequent changes in the fluid environ-ment due to the eelgrass expansion now being observed in these coastal bays (Orth et al. 2012 , this Theme Section) may improve water quality and reduce turbidity, thus increasing light penetration to the seafloor, which has been shown to have a positive feedback effect on seagrass growth (Madsen et al. 2001 , Carr et al. 2010 .
In coordination with the seagrass seeding program, the focus of the present study was on the relationships between physical and biological forces controlling water circulation, flow structure, and suspended sediment within the seagrass beds and the Virginia coastal bay system. The goals were to quantify: (1) the spatial variation of Zostera marina morphology across the meadow, (2) the velocity and turbulence levels above and within the Z. marina canopy, (3) the bottom shear stresses due to combined currents and waves, (4) and the response of the SSC to local turbulence and shear stress magnitudes. These parameters were compared to flow and sediment dynamics occurring in an adjacent unvegetated region.
MATERIALS AND METHODS
Seagrass studies were performed in South Bay, one of the coastal bays within the Virginia Coast Reserve (VCR), where ongoing seagrass restoration efforts are being performed. The VCR is characterized by contiguous marsh, shallow bay, and barrier island systems and is a National Science Foundation-Long Term Ecological Research (NSF-LTER) program site ( Fig. 1) . Reseeding of eelgrass Zostera marina in South Bay began in 2001 (Orth et al. 2012, this Theme Section) . Field studies were performed in May and June of 2010, with instrument deployments and field data collection occurring over a 72 h period at each site. Three seagrass sites were chosen of varying density, each surrounded by a Z. marinadominated area of at least 700 m 2 . During summer 2010, the total eelgrass cover in South Bay was estimated to be 1020 ha (Orth et al. 2012, this Theme Section) . A predominantly unvegetated site, containing only very few, small patches of eelgrass within the region, was also monitored as a reference for flow characteristics in the absence of any con siderable benthic vegetation ('Bare' in Fig. 1 ). Eelgrass density was measured in the field via 0.25 m 2 quadrat shoot counts, while blade length and width were measured in the laboratory from eelgrass collected at each site (Table 1) . The 3 sites, labeled Sites 1, 2, and 3 in Fig. 1 , contained Z. marina of varying densities of 560 ± 70, 390 ± 80, and 150 ± 80 shoots m -2 , respectively. Mean blade lengths ranged from 16 to 28 cm. Densities between each of the 3 sites, as well as mean blade lengths, were significantly different from one another (ANOVA, p < 0.05). Measurements were taken throughout 3 consecutive weeks from June to July 2010, a period in the growing season when the eelgrass is near peak biomass (Orth et al. 2006 ). Mean water depth at all study sites ranged between 1.4 and 1.8 m. Bathymetry for the coastal bays throughout the VCR is provided in Fagherazzi & Wiberg (2009) .
Instrumentation
A coordinated package of instrumentation was deployed at each site for a minimum of 72 h. Two Nortek Vector acoustic Doppler velocimeters (ADVs) were deployed at each site, and velocity was quantified at a single point within a 1 cm 3 sampling volume located 15 cm below each sensor. One ADV was located within the meadow with its sampling volume at z = 0.1 m above the seafloor, and the other ADV was located above the meadow with its sampling volume at z = 0.5 m. To measure velocities within the meadow, a small eelgrass patch of 15 cm diameter (the size of the instrument probe) was removed to prevent blades from blocking the sampling volume. In addition, values with poor correlation factors, often due to the probes being exposed at low tide, were removed. Velocities were measured at each site in 10 min bursts every 20 min at a sampling rate of 32 Hz. Each ADV was equipped with a pressure sensor, which was used to determine the water depth and characterize the wave climate. Wind data were obtained from a meteorological station in Oyster, Virginia, located approximately 4 km from South Bay (Fig. 1) .
Sediment grain size distribution was characterized at each site using a laser diffraction particle size analyzer (Beckman Coulter LS I3 320). Sediment samples were sieved at 1 mm to remove large organic matter, such as eelgrass blades and roots, and then bleached to remove particulate organic matter. The size class distribution was found, and D 84 , the grain size diameter for which 84% of the sample grain diameters are smaller, was computed from the resulting size distribution curve. At least 2 samples were collected and analyzed from each site. Sediment D 84 at the bare site was 157 ± 7 μm, while, at the eelgrass sites, sediments were finer at 130 ± 17 μm. SSCs were measured using 2 optical backscatter sensors (OBSs; Campbell Scientific OBS3+). One OBS was placed within the meadow to quantify SSC at z = 0.1 m, and another, above the canopy at z = 0.5 m, where z is the vertical distance above the seafloor. To perform laboratory calibrations of the OBS, sediment samples were collected, suspended, and known volumes of suspended sediment were mixed into 60 l of filtered seawater. Suspended sediment sample volumes were then dried and weighed, and a linear regression was formed between the backscatter intensity from the OBS and the SSC. Each calibration had an R 2 > 0.99.
Wave-turbulence decomposition
Instantaneous velocity measurements were collected in the east-north-up (ENU) reference frame using the internal compass and tilt sensors of the velocimeters and were time-averaged independently for every 10 min burst interval. Velocities were then rotated for each burst interval into the dominant direction of horizontal flow, u. Mean velocity and turbulence statistics were computed along the dominant flow direction (u), transverse direction (v), and vertical direction (w). The 10 min time interval was chosen because in statistical tests, 10 min often emerges as the best balance between obtaining convergence of the mean statistics while minimizing velocity drift due to changes in flow conditions (Gross & Nowell 1983) .
In flows with both waves and currents, the variance in velocity associated with waves is often much larger than that associated with turbulence and some form of wave-turbulence decomposition must be performed (Trowbridge 1998) . When waves and currents are present, the instantaneous horizontal and vertical velocities can be written as:
( 1) whereu and --w are the horizontal and vertical components of the mean velocity,ũ andw are the waveinduced orbital velocities, and u' and w ' are the tur bulent velocities. To determine motions that contri bute to the turbulent Reynolds stress, -----u'w ', turbulent motions must be separated from those of waves. The method of wave-turbulence decomposition that Site 1 21 ± 8 33 ± 3 0.29 ± 0.08 158 560 ± 70 9 Site 2 28 ± 13 51 ± 3 0.41 ± 0.12 176 390 ± 80 8 Site 3 16 ± 9 34 ± 4 0.26 ± 0.07 73 150 ± 80 21 Table 1 . Zostera marina. Morphometrics during the summer of 2010 at 3 neighboring sites in South Bay, Virginia, USA. Eelgrass density was measured using in situ 0.25 m 2 quadrat shoot counts. Blade length is the mean length of all eelgrass blades measured, maximum length is the average of the longest 10% of all blades, and blade width was measured at the midpoint along the length of the blade. Values are ± SD. n blades : number of blades measured for length and width; n density : number of 0.25 m 2 quadrats measured was employed uses spectral decomposition, known as the phase method (Bricker & Monismith 2007) , where the phase lag between the u and w com ponents of the surface waves are used to interpolate the magnitude of turbulence under the wave peak. The wave stress is calculated through the spectral sum:
( 2) where Sũw(f ) is the 2-sided cross-spectral density (CSD) of the wave-induced orbital velocities, f is frequency and f Nyquist is the Nyquist sampling frequency, which is half the sampling frequency of the discrete signal. The turbulence spectrum can be expressed as the difference between the spectrum of raw velocities and that of wave-induced orbital velocities such that:
The CSD of the spectra in Eq. (3) are then integrated to obtain the turbulent Reynolds stress:
are the Fourier transforms of u(t) and w (t) at the frequency f j in the Fourier transform. For a finite data series, the integral of the wave stress becomes: (5) where N is the number of data points used in the Fourier transform and the magnitude ofW j is the difference between the raw W j and the turbulence W ' j interpolated below the wave peak, via a leastsquared fit straight line, as shown in Fig. 2 . The magnitude ofW j is the dif ference between the raw W j and the turbulence W ' j interpolated below the wave peak, via a least-squared fit straight line, as shown in Fig. 2 .W j is solved for by expressing the wave stress in terms of power spectral density (PSD): (6) The same method is used to solve for Ũ j . The Fourier coefficients can be written in phasor notation as: (7) where ∠W j and ∠U j are the phases of the Fourier coefficients. The wave stress is then found by integrating the wave component of the CSD, Sũw(f ), over the width of the wave peak and subtracting it from the integral of the total stress, S uw (f ), over the full frequency spectrum in order to obtain Reynolds stress, as in Eq. (4).
Wave orbital velocities
The spectral density of surface elevation, S ηηp , was computed using the pressure signal from the ADV located at z = 0.5 m as: (8) where S pp is the spectral density of the pressure, k is the wave number (m -1 , =2π/L where L is wavelength), h is the mean water depth, z is the vertical distance above the seafloor, g is gravitational acceleration and ρ is density (Dean & Dalrymple 1991 ). Significant wave height (H s ) and average period (T ) were then computed using the first (m0) and second (m2) moments from the S ηηp power spectrum:
To determine the interaction between eelgrass structure and wave-induced flows, wave orbital velocities were calculated and compared above and within the eelgrass meadow. Adjacent to the sea Fig. 2 . Power spectral density (PSD) of the horizontal velocity, S uu , for a 10 min representative data series computed at z = 0.1 m at the bare site, where z is the vertical distance above the seafloor. Solid circles: region encompassing wave peak; squares: region of the spectra outside the wave domain. Grey solid line: least squares fit to the data outside the wave domain. The wave component of the stress is removed by subtracting the PSD formed above the grey line that encompasses the region of the wave peak floor, vertical orbital velocity approaches zero and thus the horizontal component of the orbital velocity accounts for the majority of particle motion. The horizontal orbital velocity can be calculated from spectra of the horizontal velocity components, u and v, by summing the contributions from wave spectra across each frequency component (Wiberg & Sherwood 2008) : (10) where u os is equivalent to the root-mean-squared (rms) orbital velocity. Since only the wave spectra are used and not the full spectrum, this method removes water motion due to turbulence and currents driven by the tides. Eq. (10) can then be applied to velocities above and within the canopy to determine seagrass impacts on orbital wave motion.
RESULTS
Physical characteristics of wind speed, water temperature and depth, as well as depth-averaged water currents, significant wave height, and SSCs measured at each Zostera marina site are shown in Fig. 3 . The bay had a mean depth of approximately 1.6 m, and the average wind speed between May and June 2010 was 2.3 ± 1.2 m s -1
. Over the course of the sampling period, water temperatures in the bay steadily increased from 21 to 30°C. The flow re gime in South Bay was tidally dominated; therefore, water velocities were low at high and low tide and intensified during ebbing and flooding tides. In addition, flows were typically not sym metric, with ebbing tides characterized by slightly higher velocity magnitudes than flooding tides. Mean tidal amplitude and significant wave height at each site are shown in Fig. 4A . Tidal amplitudes ranged from 0.58 to 0.73 m, while H s ranged from 0.18 ± 0.08 m at the bare site to 0.05 ± 0.02 m at eelgrass Site 3. Time-averaged velocities at z = 0.5 and 0.1 m at each site are shown in Fig. 4B . The bare site showed a 40% reduction in velocity between z = 0.5 and 0.1 m due to frictional interaction with the seafloor. In comparison, velocities within the seagrass canopy (z = 0.1 m) showed a 70% reduction in velocity compared to z = 0.5 m due to the combined influence of friction by the seafloor and drag induced by the seagrass canopy.
Waves within these coastal bays were predominately formed by winds, the H s of which is controlled by the fetch and bottom topography over which they propagate (Lawson et al. 2007) . At the bare site, strong winds were mostly to the north. During these periods, wind-generated waves traveled over stretches of South Bay devoid of eelgrass, with average wind speeds (±1 SD) of 2.6 ± 1.4 m s -1
. At the eelgrass sites, there were no consistent patterns in the wind direction, with winds oscillating from northward to southward (Fig. 3A) . Average wind conditions at Sites 1, 2, and 3 were 2.3 ± 1.2, 2.4 ± 1.1, and 1.9 ± 1.0 m s H s increased at all sites during periods surrounding high tide and was reduced during low tide (Fig. 3E ). Overall, there was a 45 to 70% reduction in measured H s at the eelgrass sites compared to the bare site, although changes in wind magnitude and direction during sampling played a factor in wave development and the overall amount of wave reduction (Fig. 5) . In general, the rate of increase in H s with increasing wind speed was considerably smaller at the eelgrass sites than at the bare site.
Turbulent kinetic energy and Reynolds stress
At each site, flows were separated into time periods where wave action was a significant contributor to the overall flow and those with minimal wave action where flows were dominated by tidally driven currents. Tidally dominated flows were those where the PSD of the wave component of the frequency spectrum, Sũw, constituted <10% of the overall power density, S uw , measured at z = 0.5 m. Overall, at the bare site, tidally dominated flows occurred 15% of the time, while, at the eelgrass sites, due to wave attenuation across the canopy, tidally dominated flows occurred approximately 25% of the time. There was no statistical difference in time-averaged mean velocity during periods in which tidally dominated or wavedominated flows occurred. Both Reynolds stress ( -----u'w ') and turbulent kinetic energy, TKE = 0.5(u' 2 + v ' 2 + w ' 2 ), were computed at each site (Fig. 6) , where u', v', and w' are the turbulent velocity fluctuations in the dominant horizontal, transverse, and vertical directions, respectively.. At the bare site during tidally dominated time periods, Reynolds stresses, -----u'w ', were similar at the z = 0.5 and 0.1 m elevations, whereas there was up to a 60% reduction in Reynolds stress magnitude at the eelgrass sites. Although standard deviations for TKE and Reynolds stress were large at all locations, this was primarily due to variations in velocity magnitude caused by waves and tides. Confidence intervals for mean estimates were typically quite small, and locations where significant differences were found between mean estimates of TKE and -----u'w ' at z = 0.1 and 0.5 m are denoted with an asterisk in Fig. 6 . Comparisons of -----u'w ' within the canopy versus that above the canopy at each site indicated that the largest reduction in -----u'w ' coincided with the most dense eelgrass canopy, Site 1, followed by the mid-density, Site 2, and then the most sparse canopy, Site 3. TKE also showed re ductions within the canopy versus above the canopy, but the magnitude of the reduction was significantly less than that of the Reynolds stress. This may be due to the added stem-generated TKE formed by flow interaction with the seagrass blades (Verduin & Backhaus 2000) .
To compute Reynolds stress and TKE for wavedominated flow conditions, the wave components of the PSD were first removed, as in Eq. (3), and then the remaining turbulent component of the PSD was integrated. Overall, the addition of waves did not statistically alter the magnitude of Reynolds stress or TKE at either the bare site or eelgrass sites (Fig. 6C,D) . Reynolds stress was typically reduced within the seagrass canopy compared to above the canopy, although trends of greater re ductions of within-canopy -----u'w ' with higher seagrass densities were not as evident under wave-dominated conditions as they were in tidally dominated flows.
Quadrant analysis of turbulence
Quadrant analysis is a useful technique to describe how turbulent fluctuations contribute to the transport of momentum, sediment, and gases throughout the bottom boundary layer (Lu & Willmarth 1973) . De pending upon the flow field, highmomentum fluid overlaying the seagrass canopy can be advected downwards into the canopy, or low-momentum fluid residing within the canopy can be advected upwards out of the canopy. Velocity fluctuations, u ' and w ', were normalized by their respective standard deviations and were divided into 4 quadrants based on the sign of their instantaneous values. Contours of the turbulent probability distribution function (pdf) are shown in were significantly different between z (vertical distance above the seafloor) = 0.1 and 0.5 m ejections of low-momentum fluid are transported vertically upwards, and Q 4, where sweeping events transport high-momentum fluid downward towards the seagrass meadow. These ejection/ sweep phenomena result in intermittent flushing of water masses from within the canopy (Grass 1971) . Typically, momentum transport is dominated by ejection and sweeping events and shows a predominance of values in Q2 and Q4, which held true for flows above the eelgrass canopy (Fig. 7A) . The total contribution to Reynolds stress within each quadrant was found by summing the absolute value of the u'w' contributions within each quadrant and dividing by the total contribution from all quadrants: Q1 (15%), Q2 (36%), Q3 (15%), and Q4 (34%). This indicated that the combined Q2 and Q4 contributions accounted for approximately 70% of the total Reynolds stress, which is similar to results determined in other studies of flow over high-roughness topographies (Bennet & Best 1996 , Lacey & Roy 2008 . There was a fairly even distribution of stresses between Q2 and Q4, indicating that the turbulent ejection of low-momentum fluid from near the top of the sea grass canopy was similar to that of sweeps of high-momentum fluid towards the canopy. Within the seagrass canopy, at z = 0.1 m, distinct changes in the contribution to the stress from various components occurred (Fig. 7B) , where motions within Q4 were dominant. The total contribution to Reynolds stress within each quadrant was: Q1 (7%), Q2 (32%), Q3 (6%), and Q4 (55%). This signifies that the principal exchange of water masses within the canopy was driven by sweeps of high-momentum fluid from above the canopy downwards into the canopy. For the bare site (Fig. 7C,D) , there was still dominance in Q2 and Q4, with 75 and 79% of the total Reynolds stresses found at z = 0.5 and 0.1 m, respectively. However, there was a fairly even distribution of stresses between Q2 and Q4 at both elevations, similar to the flow structure formed above the seagrass canopy. For instance at z = 0.1 m, contributions were: Q1 (11%), Q2 (40%), Q3 (10%), and Q4 (39%). 
Velocity spectra and wave orbitals
PSDs of the horizontal velocities during tidally dominated flow conditions at the bare site showed a distinct -5/3 slope, indicative of an inertial subrange at both z = 0.1 and 0.5 m (Fig. 8A) . There was general agreement between the 2 elevations, with slightly higher energy at low frequencies (<1 Hz) for z = 0.5 m, indicative of higher mean flows, but lower energy at higher frequencies (>1 Hz), indicating lower turbulent energy within the inertial subrange. Within the eelgrass meadow, there was a reduction in the magnitude of the PSD across all frequencies within the canopy compared to flow above the canopy (Fig. 8B) .
PSD of wave-dominated flow conditions showed similar trends outside the wave domain of the frequency spectrum for both the bare and eelgrass sites. Within the wave domain at the bare site (Fig. 8C) , there was little wave energy attenuation, indicating that oscillatory motion due to waves was effective at generating wave-induced orbital motions near the seafloor. Within the wave domain at the eelgrass site (Fig. 8D ), wave energy was still able to penetrate the eelgrass canopy, with little reduction of wave energy at z = 0.1 m at frequencies smaller than the wave peak. However, at both the bare and eelgrass sites, but especially within the Zostera marina canopy (Fig. 8D) , the bulk of energy loss occurred at wave frequencies within the wave domain at approximately f ≥ 1 Hz, where short period wave oscillations (T = 1/f ) attenuated before reaching the bottom. This agrees with wave theory that suggests waves will attenuate before , H s = 14 cm) during wave-dominated flow conditions. Vertical line represents the frequency at and above which wave motion is expected to be attenuated at z (vertical distance above the seafloor) = 0.1 m according to linear wave theory. Flattening of the power density at high frequencies (> 0.4 Hz in Panels B, C, and D) indicates that the noise floor of the instrument has been reached and the velocity signal is indistinguishable from noise reaching the seafloor for (Wiberg & Sherwood 2008) . At a given elevation above the seafloor, z, waves with will be attenuated.
PSD for frequencies between 0 and 2 Hz for both horizontal and vertical velocities are shown for the bare site in Fig. 9 . These plots include the tidally dominated contributions to the spectra at small frequencies (i.e. f < 0.3 Hz), as well as the wave component of the PSD, which typically spans the range 0.3 < f < 1 Hz. Frequency analysis within the wave domain of the frequency spectra for the bare site indicate that there was a general trend of a reduction of wave energy near the seafloor for the vertical velocity, S ww , PSD, but a fairly uniform distribution of wave energy throughout the water column for the horizontal, S uu , PSD. Peak wave frequency at high tide was approximately f = 0.5 Hz (T = 2 s), but as the water depth decreased, peak wave frequency increased to approximately f = 1 Hz, indicating a reduction in the peak wave period to T = 1 s.
For Site 2, similar trends emerged in a reduction of vertical wave energy (S ww ) within the seagrass bed compared to flow above the canopy (Fig. 10 ). There were also reductions in wave energy within the horizontal component of the velocity, S uu , due to the wave-dampening effect that the eelgrass had on the flow. However, as is also shown in Fig. 8 for an individual spectrum, much of the reduction in wave energy occurred at the high frequencies within the wave band (f > 1 Hz), which can be attributed both to attenuation due to the interaction with the seagrass and due to the natural attenuation of the waves with depth. The shorter period waves that formed over the seagrass bed (average T = 1.4 ± 0.3 s) tended to attenuate with depth to a greater extent than the longer period waves that formed over the bare site (average T = 1.7 ± 0.4 s), as predicted from linear wave theory. Also of note was the reduction in power density at low frequencies, f < 0.3 Hz, indi cating a reduction in the energy of the mean flow, u, within the canopy.
The wave-orbital velocity, u os , at z = 0.5 and 0.1 m was computed following Eq. (10), and estimates for each site are shown in Fig. 11 . At the bare site, there was only a 3% difference in measured u os between the z = 0.5 and 0.1 m elevations. At all 3 eelgrass sites there was an overall reduction in wave orbital motion by 20 ± 5% within the canopy compared to above, and orbital velocities at the eelgrass sites were less than half that produced over the bare site. To determine the extent to which this orbital wave reduction within the eelgrass canopy was due to natural atten- , where g is gravitational acceleration, h is water depth, z is the vertical distance above the seafloor, and f is the frequency at and above which linear wave theory predicts wave motion is attenuated. Regions with no data are during low tide when velocimeters had poor signal quality
uation with depth or due to interaction with the eelgrass bed, orbital velocities computed through local velocity spectra (Eq. 10) were compared to estimates of bottom wave-orbital velocities using pressure sensor measurements of displacement of the free surface. Using linear wave theory for small-amplitude, monochromatic waves, the horizontal component of orbital velocity, u o , can be computed as: (11) where H is the rms of wave height (m), ω is the radian of wave frequency (rad s -1 ), x is the position in the wave orbital (m), and t is time (s). As the velocities vary sinusoidally with the x-and t-values throughout the wave period, the above equation can be simplified to the rms of the maximum orbital velocity when |cos(kx -ωt)| = 1: (12) Linear wave theory assumes the bed is frictionless; therefore, estimating wave velocity decay with depth using linear wave theory (Eq. 12) and comparing it to computed orbital velocities using local velocity mea- , where g is gravitational acceleration, h is water depth, z is the vertical distance above the seafloor, and f is the frequency at and above which linear wave theory predicts wave motion is attenuated Fig. 11 . Wave orbital velocities, u os (Eq. 10), computed utilizing spectra of horizontal wave velocities, Sũũ and Sṽṽ, at z (vertical distance above the seafloor) = 0.5 m and z = 0.1 m and wave orbital velocities, u om (Eq. 12), at z = 0.1 m, computed utilizing linear wave theory and estimates of freesurface displacements. Agreement between u os and u om at z = 0.1 m suggests wave velocity decay is primarily due to wave attenuation of high-frequency wave motion with depth, and not from interaction with the eelgrass surements within the canopy (Eq. 10) should indicate the relative dampening of wave velocity due to frictional interaction with the seagrass canopy. Fig. 11 indicates there is good agreement between measured within-canopy orbital velocities and those estimated from linear wave theory, suggesting that within-canopy dampening of wave orbitals was primarily due to natural attenuation of high-frequency wave motion with depth and not from flow interaction with the eelgrass.
Bottom shear stresses and suspended sediment
The total stress imparted to the seafloor was quantified using a combined bottom shear stress, τ b , calculated as the square root of the sum of the squares of the shear stress due to currents, τ current , and due to waves, τ wave (Wiberg & Smith 1983) such that: (13) Wave shear stress was determined by: (14) such that f w is the wave friction factor, u b is the bottom orbital velocity, which can be approximated as u os measured near the seafloor (Wiberg & Sherwood 2008) , and k b is the characteristic roughness length of the bottom, which is defined as 3D 84 (Lawson et al. 2007) . D 84 is the sediment grain diameter such that 84% of grain diameters are smaller, and was measured to be 157 μm at the bare site and 130 μm within the seagrass canopy. Computation of the current shear stress within vegetation is not well described, especially in the presence of wave activity, but under unidirectional currents, a useful parameterization is through estimates of the near-bottom TKE (Stapleton & Huntley 1995 , Widdows et al. 2008 :
Although waves can alter Reynolds stresses and TKE in the presence of a mean current (Grant & Madsen 1979) , our findings within South Bay suggest only minor alteration in the magnitude of TKE in the presence of small-amplitude wind waves; therefore, Eq. (15) can be reasonably applied. Although the critical shear stress that can initiate sediment resuspension was not directly quantified in South Bay, estimates within Hog Island Bay, which is directly adjacent to South Bay in the VCR, were performed by Lawson et al. (2007) and found to be τ cr = 0.04 N m -2 over unvegetated sites adjacent to seagrass beds. This value is in relative agreement with τ cr = 0.05 N m -2 found by Widdows et al. (2008) for sediments in the North Sea, where adjacent Zostera marina beds had a τ cr = 0.07 N m -2 . The increase in sediment stabilization within the Z. marina bed was found to be due to increased abundance of the microphytobenthos and lower densities of grazers. This suggests that τ cr = 0.04 N m -2 is likely a reasonable estimate for unvegetated regions, and a conservative estimate for the eelgrass bed in South Bay. At the 3 eelgrass sites, measured τ b was below the critical threshold for sediment entrainment during 80% of the sampling time period. However, τ b at the unvegetated site was significantly larger than τ cr , suggesting that sediment resuspension was occurring during a significant fraction of the sampling period.
OBSs were deployed at each site, measuring SSCs at z = 0.1 and 0.5 m. SSC estimates at these elevations were averaged to create a mean SSC within the water column. Since flow and suspended sediment measurements were conducted at different time periods at each site, direct cross-site comparisons of SSC for the same time periods could not be conducted. Therefore, to determine if events of elevated magnitudes of bottom shear stress correlated to increases in SSC, a Pearson linear correlation was performed, ) there were correlation coefficients of 0.26 and 0.23, respectively. Therefore, within the eelgrass meadow there was a decreased tendency for periods of high SSCs to cor respond with periods of high bottom shear stress, suggesting that elevated levels of SSC within the seagrass bed were derived, in part, from non-local resuspension.
DISCUSSION
Zostera marina beds in this Virginia coastal bay were found to substantially lower overall mean currents compared to adjacent bare site flow conditions. Average velocities were 2 to 3 times higher at the bare site than at the eelgrass sites, without a substantial change in tidal forcing. In addition, near-bed flows were dramatically reduced, with mean velocity at z = 0.1 m at the bare site of 10.0 cm s -1 , while average flows at the 3 eelgrass sites were 1.2 cm s -1 , a 70% reduction compared to flow above the eelgrass canopy. Along the density gradient, ranging from 150 to 560 shoots m -2 , the greatest flow reduction within the canopy compared to above the canopy occurred at Site 2, which was the mid-density site with 390 ± 80 shoots m -2
. The eelgrass at this site, however, also had a significantly higher mean (28 cm) and maximum blade length (51 cm) compared to the other two Z. marina sites. Although seagrass density has been found to play an important role in flow reduction (Ackerman & Okubo 1993) , the blade length is also important in modifying the canopy friction (Fonseca & Fisher 1986 ), leading to a proportional reduction in fluid velocity (Gacia et al. 1999 , Thompson et al. 2004 ). The smallest within-canopy flow reduction occurred at Site 3, which had the lowest eelgrass density and smallest average blade length. This suggests that both eelgrass density and blade length can have an impact on flow processes. Overall, the presence of seagrass structure serves to substantially reduce velocity magnitude as compared to the unvegetated seafloor (Hasegawa et al. 2008 ).
Tidally and wave-dominated flows were separated using the magnitude of the power density within the wave band of the frequency spectra. For tidally dominated flow conditions, the magnitude of the turbulent Reynolds stress typically decreased within the canopy compared to flow above, and within-canopy -----u'w ' reductions increased with increasing seagrass density. The highest relative turbulence levels within the eelgrass bed were found at the lowest eelgrass density, Site 3, and were of similar magnitude within and above the canopy. This transition from low turbulence in high-density beds to elevated turbulence in low-density beds agrees with findings within other seagrass systems and laboratory measurements, which indicate enhanced turbulence due to stemgenerated wake turbulence (Nepf et al. 1997 , Widdows et al. 2008 ). This enhanced turbulence can be intensified at the canopy-water interface (Abdelrhman 2003) , where strong shear layers develop. Under wave-dominated flows, this relationship between turbulence intensity and seagrass density became less apparent, but both Reynolds stresses and TKE values were of similar magnitude with and without the presence of wave action. Quadrant analysis indicated that much of the turbulent motions within the canopy were dominated by sweeping events, where high-momentum fluid was transported downward into the canopy. These sweeps constituted 55% of the turbulent motion, compared to 32% for ejections of low-momentum fluid transported upwards out of the canopy. Strong sweeping motions into the canopy were also observed by Ghisalberti & Nepf (2006) , who found that sweeps were followed by weak ejection events (u' < 0, w ' > 0) which occurred at frequencies twice that of the dominant frequency of the coherent vortex formed at the top of the canopy.
Wave attenuation due to interaction with the eelgrass canopy
Significant wave heights and wave periods were computed from pressure records obtained from the ADVs at a sampling rate of 32 Hz. Wave periods at all sites ranged between 1 and 2 s, representing windgenerated gravity waves. There was a 45 to 70% reduction in average H s at the eelgrass sites compared to the bare site. For both the bare and eelgrass sites, the majority of energy lost within the wave band occurred at high wave frequencies, ≥1 Hz. This is in general agreement with wave theory, which predicts that waves with f > 12222 g /(4πh) 22 will be attenu-ated before reaching the bottom (Wiberg & Sherwood 2008) . Mean wave periods were T = 1.7 ± 0.4 s and T = 1.4 ± 0.3 s at the bare and eelgrass sites, respectively. As evident from PSD graphs, waves were not monochromatic and typically spanned a range of frequencies between f = 0.3 and 1 s -1
. At the bare site, measured mean wave orbital velocities were within 3% of each other at both z = 0.5 and 0.1 m. With the presence of eelgrass structure, the horizontal orbital velocities were found to decrease by approximately 20% within the canopy versus above. That shorter period waves formed over the eelgrass canopy suggests that natural wave attenuation with depth was a major contributing factor in the measured reduction in orbital velocities within the canopy. However, little reduction in low-frequency wave motion within the canopy indicates that oscillatory flows were also ef fective at penetrating the eelgrass canopy for longer period waves. This suggests that storm events, which tend to increase H s and T in combination with storm surge (Chen et al. 2005) , may be effective in generating oscillatory flows through the seagrass canopy, increasing bottom shear stresses and ultimately leading to sediment resuspension. This agrees with the results of Bradley & Houser (2009) , who found that the ability for seagrasses to attenuate wave energy decreases as wave heights increase, but that seagrasses also serve as a low-pass filter where higher frequencies in the spectra tend to be more attenuated. Their results also suggest that the rate of energy dissipation is not uniform over a range of wave frequencies, and waves at higher frequencies are attenuated, but waves at lower frequencies are less affected by the seagrass.
Bottom shear stress and sediment dynamics
Total bottom shear stress was estimated by summing contributions from orbital wave motion due to waves and turbulence from the mean current. Overall, bottom shear stress at the bare site was found to be τ b = 0.17 ± 0.08 N m -2 , which was 5 times greater than at any of the eelgrass sites. Within the eelgrass canopy the mean τ b at the 3 sites ranged between 0.025 ± 0.02 and 0.032 ± 0.03 N m -2
. A conservative estimate of the critical shear stress for sediment erosion was τ cr = 0.04 N m -2 , which was measured in an adjacent coastal bay with similar water depth and sediment characteristics (Lawson et al. 2007 ). Bottom shear stress was found to be below the critical bottom stress threshold for erosion 80% of the time within the eelgrass meadow. In the absence of eelgrass, depth-averaged SSC = 56 mg l -1 , and elevated levels of SSCs were well correlated throughout the water column with periods of high bottom shear stress (Pearson linear correlation coefficient = 0.72). However, with the addition of eelgrass structure, in creases in depth-averaged suspended sediment were no longer well correlated with enhanced bottom shear stress. Cor relation between τ b and elevated SSC occurred most closely at Site 1 (mean SSC = 43 mg l -1 , correlation coefficient = 0.58), which is located closest to unvegetated sites within the bay and the edge of the eelgrass meadow (Fig. 1) , where sediment resuspension is expected to be most pronounced. Further from regions devoid of eelgrass, correlations between elevated τ b and SSC drop considerably, where at Site 2 (mean SSC = 23 mg l ) correlation coefficients were 0.26 and 0.23, respectively. This suggests that suspended sediment measured within the canopy was, to some magnitude, advected into the canopy from non-vegetated regions of the bay. Although wave activity has been shown to be a dominant driver initiating the suspension of sediment within these shallow coastal bays, previous studies have shown that wave activity alone does not necessarily induce the transport of sediment (Heller 1987) . Rather, the combination of both waves and currents acts to distribute sediment throughout the seagrass bed. The stress exerted by wave motion acts to suspend sediment above the seafloor, but, ultimately, unidirectional currents will cause a net transport of sediment, even if such a unidirectional current alone produces conditions below the threshold to initiate sediment suspension.
Overall, our results indicate that turbulence, wave heights, and wave orbital velocities were reduced in magnitude by the eelgrass canopy. This resulted in lowered suspended sediment within the eelgrass meadow as compared to adjacent unvegetated areas. In addition, between 2003 through 2009, monthly turbidity levels within the vegetated areas were found to be significantly lower than levels outside of the vegetated areas under summer conditions (Orth et al. 2012) . Within the eelgrass canopy, SSC showed significant decreases over time, with median SSC decreasing approximately 75% between 2003 and 2009, and coincided with in creased retention of fine sediments. These findings relate well with trends found in previous studies where flow reduction by seagrass meadows ranged from 25 to 80% (Koch & Gust 1999 , Nepf 1999 , Lacy & Wyllie-Echeverria 2011 and turbulence was reduced 30 to 50% (Gra nata et al. 2001) . In a study by Gruber & Kemp (2010) with a similar current and wave regime as that in our study, reductions in SSC of up to 60% were found, which varied directly with seagrass biomass via seasonal senescence of a Stuckenia pectinata meadow. Our findings using different density sites within the same eelgrass bed suggest the opposite trend of lower SSC values at less dense seagrass sites. These opposing trends are likely due to site location within the meadow and local exposure to wind and wave activity. Locations that were further from the canopy edge and locations where waves propagated further distances across the eelgrass canopy had greater reductions in flow and suspended sediment. These findings suggest that seagrass density and meadow size both play roles in sediment suspension.
There is evidence to suggest that seagrass patches below a minimum size, and possibly locations close to the canopy edge, act to enhance near-bed turbulence and cause scouring (Heller 1987 , Fonseca & Koehl 2006 . Once the bed reaches a minimum density and patch width, turbulence reduction occurs, switching the local flow environment from erosional to depositional. Although it is still unclear what minimum size causes this transition, our findings suggest that the expansion of the eelgrass canopy within South Bay has altered the hydrodynamics from a net erosional environment to one that promotes deposition of suspended sediment. This has enhanced light penetration throughout the water column and created a positive feedback for eelgrass growth. 
